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ABSTRACT 



INVESTIGATION OF TRANSIENTS IN AN ANALOGUE CIRCUIT 
FOR AH IGNITRON MOTOR CONTROL SYSTEM 



by 

Carleton F. Bryant, Jr* 
Clayton R. Adams 



Submitted to the Department of Naval Architecture and 
Marine Engineering on 15 May 1952 in partial fulfillment 
of the requirements for the degree of Naval Engineer. 

Thi3 thesi3 is a continuation of an investigation of 
transient speed characteristics of an ignitron-fed d-c 
motor undertaken by P. N. Heller, which consisted of actual 
tests on a 15 horsepower motor with a 3-phase ignitron recti 
fier and the development of two analytical methods of pre- 
dicting the transient behavior. Because of the involved 
calculations required for the analytical methods and the 
difficulties of conducting full scale tests, it was proposed 
that an analogue oircuit be used for future tests of this 
type. 



The primary purpose of this investigation v/as the con- 
struction, testing, and evaluation of thi3 analogue circuit. 
It was found that the usefulness of the analogue v/as limited 
by a transient current occurring during discontinuous con- 
duction at the termination of each current pulse causing 
the analogue to misrepresent aotual ignitron and motor 
performance in the boundary region between continuous and 
discontinuous conduction. 

It was also found during the course of the investiga- 
tion, hov/evor, that the transient response of the system 
could be predicted with reasonable accuracy using an 
exponential time constant approach which involves consider- 
ably less computational work than the previous methods. 



Thesis Supervisor: Alexander Kusko 

Title: Assistant Professor of 

Electrical Engineering 
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INTRQDUCTION 



Direct-current motors connected to a-c power supplies 
through grid-controlled rectifiers are being used at the 
present time for power applications requiring a wide range 
of speed control. Single-phase full-wave thyratron reoti- 
fiers are generally used for fractional horsepower installa- 
tions, while three-phase ignitron rectifiers are used for 
the higher ratings. 

Speed control of the motor is obtained by changing the 
firing angle of the rectifier. The system is a substitute 
for a Ward-Leonard type of control with the rectifier replac- 
ing the d-o generator, although the governing aotion of the 
ignitrons or thyratrons is probably more analogous to 
throttling in a mechanical power device. 

While the steady state operation of this type of 

1 ) 2 ) 3 ) 

electronic drive has been rather fully investigated, 
relatively little has been published dealing with the 
transient behavior of the system for major changes of speed 
or load. 



1) Vedder, E. H. and Puchlowski, K. ?. , "Theory of 
Rectifier D-C Motor Drive", AIEE Trans .. 62, 1943 » 
pages 863-870. 

2) Schmidt, A. and Smith, W. P. , "Operation of Large 
D-C Motors from Controlled Rectifiers", AIDS Trans .. 
67 . 1948, pages 679-683. 



3) Chute, G. M. , "Electronic Motor and Welder Controls", 
McGraw-Hill Book Co., 1951, pages 191-202, 226-277. 
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This thesis is a continuation of an investigation of 

transient speed characteristics of an ignitron-fed d-c 

4) 

motor undertaken by P. N. Heller, which consisted of actual 
tests on a 15 horsepower motor with a 3-phase ignitron recti- 
fier and the development of two analytical methods of pre- 
dicting the transient behavior. Because of the involved 
calculations required for the analytical methods and the 
difficulties of conducting full soale tests, it was proposed 
that an analogue circuit be used for future tests of this 
type . 

The primary purpose of this investigation was the con- 
struction, testing, and evaluation of this analogue circuit. 
It was also found during the oourse of the investigation, 
however, that the transient response of the system could be 
predicted with reasonable accuracy using an exponential 
time constant approach which involves considerably less 
computational work than the previous methods. In the pre- 
sentation which follows, these two aspects will be considered 
separately. 



4) Keller, P. N. , "Transient Speed and Armature 
Current Characteristics of an Ignitron-Fed 
D-C Motor” . M.I.T. E.S. Dept. Thesis 1951. 
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DERIVATION OF THE 



ANALOGUE 



iIRCUIT 



The analogue circuit used for this investigation was 

intended to represent the 15 horsepower separately excited 

d-o shunt motor and the 3-phase ignitron rectifier used by 

Heller in obtaining experimental speed response curves for 

4 ) 

step changes in firing angle. The name-plate data of these 
units together with the generator used for loading the system 
is given in Appendix A. 

Mechanical-Electrical Equivalents . 

The actual oircuit studied is shown in Figure 1. The 
Justification for the electrical representation of the 
mechanical motor characteristics may be shown by the follow- 
ing analysis in which the air gap flux is considered constant 
(constant shunt field current with armature reaction neglected). 
The electrical relationship is 

v t = La “a ♦ i a R a ♦ V b * ®b U> 

where v t = voltage applied to armature circuit. 
i a = armature current 

6k = counter-emf (voltage between points d and e 
of Figure 1. ) 

V b = brush drop (absorbed with tube drop in oircuit) 

R a r armature resistance 
L a = armature inductance 
t a time 

The instantaneous air-gap torque of the motor rigidly 
ooupled to a load with linear characteristics is given by 
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Analog-ue Circuit Diagram 

F I O' I 



C70 

f/x/ri 



- 




(2) 




Here 

w = Motor speed 

T a g ss instantaneous air-gap torque 
* load inertia 

J a s armature inertia 

a component of load torque which is proportional 
to 3peed. 

B a z coefficient of those components of motor friction, 
windage, and core-loss torque which are propor- 
tional to speed. 

Tj s component of load torque which is constant at 
all speeds. 

T a r hysteresis and other rotational loss torques of 
the motor which are constant at all speeds. 

The count er-emf of the motor is directly proportional 
to the product of motor speed and air-gap flux; the air-gap 
torque is directly proportional to the product of armature 
current and air-gap flux. It is assumed that the air-gap 
flux of the shunt motor is constant and that hence 



The eleotro-meohanioal coupling constants k^ and k 2 can be 
determined from test or design data of the motor. 

Equation (2) can be translated into electrical terns by 



e b = k l w 

T Q6 = k 2 i a 



( 3 ) 

( 4 ) 




(5) 
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TMs last equation describes the behavior of the parallel 
circuit between points d and e of Figure 1 if 



n r 


♦ Ja 


(6) 




k x k 2 


II 

p ! 2 


k x k 2 


(7) 


B l + B a 


LI = 


?L ♦ T g 
k 2 


(8) 



The 6AG7 pentode with cathode bias represents the 
current couroe i L ^ while the GL 2050 thyratrons simulate 
the ignitron rectifier. 

Scale Ratios . 

The scale ratios between motor and analogue are most 
easily obtained by expressing voltages , currents and impedances 
as per unit values. Base values taken were the anode trans- 
former secondary nas voltage and the armature current. No 
attempt was made to change the time scale 3ince the only three 
phase power available was 60 oycle. 

Choice of the Analogue Circuit Elements . 

In order to keep the effects of tube voltage drop of 
the same order of magnitude in both the analogue circuit and 
the actual rectifier, 220 volts was used for the anode trans- 
former secondary voltage. Type GL 2050 thyratrons wore chosen 
for the rectifier since they have the necessary inverse voltage 
and average and peak current ratings for the circuit and were 
readily available. The current level of the circuit was 
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determined by the oapaoity of available vacuum tubes used 
for the current source. By using two 6AG-7 pentodes in parallel 
it was possible to pas3 about 60 milliainperes , giving a ratio 
of actual motor current to analogue current of about 1000 to 1. 

The impedance level of tho analogue was actually 
determined by the iron-core reactor used to represent tne 
armature inductance and the anode transformer leakage 
inductance. Available units were tested by obtaining 
magnetization curves with 60 cycle current up to a value of 
about 70 ma. The unit chosen indicated no saturation up to 
this point. A laboratory capacitor unit was adjusted and 
tested in the same manner to give the desired value of 
oapaoitance for the circuit. The motor and analogue circuit 
element values are listed in Table I. 

Transformers . 

The anode transformer used was a bank of three 5 KVA 
110/220 to 110/220 single phase power transformers. Since 
the leakage inductance and resistance of these units is 
negligible on the basis of the analogue circuit the equiva- 
lent leakage induotanco and resistance of the actual rootifier 
transformer has boon lumped with tho armature resistance and 
inductance of the motor. This is not strictly accurate since 
tho transformer equivalents should appear in the input circuit 
to the thyratrons, but the results are not considered to be 
affected appreciably by this approximation. 

The phase shift cirouit was supplied by reduced voltages 
taken from a bank of transformers similar to tho anode trans- 
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TAOLK I 

motor aed analogue circuit elbusnt values 



Element 


Motor 


Per Unit 


Analogue 


Anode Transformer 
Seoondary Voltage 


232 V. 


1.00 


220 v. 


Motor-Rated Current 


56 a. 


1.00 


0.0518 a. 


Armature Resistance 
(60 cycle a-c) 


O .484 -A. 


0.117 


495 -a. 


Transformer Resistance 


0.089 -a. 


0.0215 


91 -A- 


Armature Induetanoe 


5. 84x10“ 3 h. 


1.41x10" 3 


5.97 h. 


Transformer Leakage 
Inductance 


0.39xl0‘ 3 h. 


0.094xl0“ 3 


0.40 ii. 


Equivalent Motor 
Inertia 


0.190* 5 % t 


. 0.79 


186xl0" 6 f. 



Motor data taken from reference 4 
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former. The phase shift transformer was a 3mall synchro 
rated at 96/96 volts. This was provided with a dial and 
calibrated to read phase sfift direotly by comparing the 
output with the thyrotron supply voltage on an oscillo- 
scope. Observation indicated that the phase shift as read 
from the synchro dial wan aocurate within about two degrees. 
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QP'ERATION OF THE ANALOtrUF CIRCUIT 

Current Cutoff Transient . 

The principle difficulty experienced with the analogue 
oirouit occurred during discontinuous conduction. When each 
pulse of current out off an underdamped current oscillation 
occurred which had a peak value of up to 10$ of the current 
pulse itself and extended for about one-sixth cycle of the 
applied voltage. This resulted in unstable operation of the 
circuit in the region between continuous and discontinuous 
conduction. No means was found of appreciably reducing the 
magnitude of the oscillation, but by introducing a 50,000 
ohm resistor in the ground circuit, it was damped out .much 
more rapidly. It was not found possible however, to elim- 
inate the resulting instability of the circuit. 

Steady-State Oharncteristics . 

Test3 were made with the circuit to determine both the 
steady-state and transient performance. Steady-state curves 
of oounter-eraf versus armature current were obtained for vari- 
ous firing angles by reading the direct current in the circuit 
with a d t Arsonve 1 type milliammeter and the voltage between 
points d and e on Figure 1 with a d-c voltmeter. The values 
obtained are shown on Figure 2 reduced to a per unit basis 
and corrected for variations in supply voltage. 

Transient Characteristics . 

The transient behavior of the oounter-emf (speed) for 
step changes in firing angle was investigated by obtaining 
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overall response tines to reach 95^> of the final value for 
conditions simulating those under which corresponding data 
for the actual raotor was previously obtained by Heller . ^ 

The step changes in firing angle were introduced by manually 
rotating the phase shift synchro between stops to give the 
desired angles. The speed transient was observed on on 
osoilloscope connected bet ween points & and £ on Figure 1, 
with a calibrated sweep frequency to give about ten traces 
during the transient. The response tine was obtained merely 
by oounting the number of traces required for the countor-emf 
to reach the required value and hence may be somewhat inaccu- 
rate. The results of these measurements ere compared with 
Heller's data In Table II. 

Wove Forms . 

Photographs were obtained with a polaroid oscilloscope 
camera of the wave forms of current, motor terminal voltage, 
and plate to cathode voltage under various operating condi- 
tions with the oscilloscope connected between points £ and £, 
£ and £, and a and £, respectively on Figure 1. These photo- 
graphs are shown on Figures 3» and 5* 

Comparative fcotor Tests . 

In order to determine whether or not the instability 
found in the operation of the analogue circuit in the region 
betv/een continuous and discontinuous conduction also occurred 
with the actual motor and rectifier, tests were made to deter- 
mine the steady-state counter-emf versus armature current 
curves for the actual unit. The counter-eaf, E b , was deter- 
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TABLE II 





TRA/JS IESTT 


RESPONSE 


TILE COL 


PARIS ON DATA 




Run 


Speed 


(rpm) 


Angle 


(degrees) 


Motor 


Analogue 




Initial 


Final 


Initial ^inal 


Response Time 
(Sec. ) 


Response Time 
(Sec . ) 


J-l 


902 


320 


96 


135 


11.2 


11 


J-2 


460 


742 


127 


109 


4.0 


4.7 


K-l 


205 


430 


137 


121 


3.2 


3.8 


K-2 


728 


465 


97 


120 


4.0 


4.2 


L-l 


490 


210 


106 


132 


2.3 


3.0 


L-2 


365 


590 


118 


97 


1.4 


1.9 


L-3 


625 


810 


96 


72 


1.0 


0.2 


L-4 


842 


580 


66 


102 


2.0 


1.7 


M-l 


460 


672 


105 


81 


1.1 


1.2 


M -2 


710 


501 


78 


102 


1.7 


1.7 


M-3 


460 


565 


— 


97 


1.2 


1.3 


M-4 


0 


255 


180 


126 


1.7 


2.0 


N-l 


40 8 


825 


105 


62 


0.32 


0.32 


N-2 


830 


388 


60 


109 


1.6 


1.6 


P-1 


715 


885 


70 


52 


0.34 


0.3 


P-2 


770 


410 


67 


101 


1.5 


1.2 


P-3 


880 


680 


52 


74 


0.57 


0.7 


Q-l 


535 


750 


85 


65 


0.26 


0.25 


Q -2 


875 


778 


51 


63 


0.30 


0.20 



Motor data taken from reference 4. 
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rained by measuring the direct motor terminal voltage and 
subtracting the direct voltage drop due to the measured 
direct armature current. The points obtained are shown on 
Figure 2 reduoed to a per unit basis and corrected for 
variations in supply voltage. These tests indicated no 
instability and no oscillation of the armature current when 
tho pulses cut off during discontinuous conduction. Wave 
forms were photographed for this unit under conditions 
corresponding approximately to those used v/ith the analogue 
oircuit and are shown on Figures 3, 4 and 5. 
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Ai T ALYT>IH OF AdALOGlTS CIRCUIT HERFORMAMCE 



Wave Forms . 

Comparison of the oscilloscope photographs of the wavo 
forms of armature voltage, armature current and plate to 
cathode voltage of Figures 3, 4, and 5, indicates that the 
basic steady-state phenomena of the system are properly repre- 
sented in the analogue circuit. The armature voltage wave 
forms for discontinuous conduction show up the major differ- 
ence encountered, the behavior of the circuit when each current 
pulse outs off. The cutoff transient in the current wave 
forms is not very apparent in these photographs, but analogue 
armature voltage shows the same underdanped oscillation as 
it returns to the average value. The similar voltage in the 
motor does not oscillate and indicates an overdamped behavior. 
The current overshoot observable on the actual ignitron pulses 
is probably the result of the time required for deionization. 
Another point of interest is the abrupt rise at the beginning 
of the ignltron current pulse under certain conditions which 
oould be caused by a capacitive effect in the leads to the 
motor or in the housing of the motor itself. 

Performance Curves . 

The counter-emf versus armature current curves shown on 
Figure 2 for both the motor and analogue indicate fairly good 
correlation between the two units. The curves as actually 
plotted show the theoretical performance and were obtained by 
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the methods described on page 49* The experimental points 
for the motor and analogue show good correlation with each 
other and with the theoretical curves, considering the foot 
that the moens used for setting the phase shift angles were 
not accurate within at least 2°. 

The non-linear portions of the curves at low armature 
currents or low voltage are the regions of discontinuous 
conduction while the straight-line portions to the right 
are for continuous conduction. The motor performanoo curves 
for which oounter-enf was obtained by subtracting calculated 
armature voltage drop from the observed applied direct voltage 
are fairly flat for high currents; but if speed had been 
plotted direotly, a rising characteristic would have been 
obtained because of armature reaction. 

The analogue curves, on the other hand, break away from 
both the theoretical and actual motor curves in tho boundary 
region between discontinuous and continuous conduction. This 
i3 especially noticeable at firing angles of 90 ° and 110°, 
although tho oondition wa3 found to a certain degree at all 
angles. The operation of the circuit was actually unstable 
in these regions, the average current oscillating v/ith a fre- 
quency of about 1 cycle per second by as rnuoh us 20$> and the 
oounter-emf by about 5$. 

Observations of the current pulses on an oscilloscope 
indicated that this was caused by the current cutoff transient 
mentioned previously. As the load current was increased 
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gradually during discontinuous conduction, the start of a 
current pulse v/ould break abruptly between peaks of the 
cutoff transient from the preceding pulse. For a load at 
which the pulse first broke away, both conditions were 
unstable and the pulse initiation would break back and forth 
between the two peaks as shown in Figure 6 (a) resulting in 
average current oscillations in the circuit. With further 
increase in loading, oscillations ceased with the pulse 
originating from a peak of the transient as shown by Figure 
6 (b); but this condition resulted in the offset points on 
the performance curves. At a slightly higher load, the 
break occurred as indicated in Figure 6 (o), again causing 
oscillations in the circuit until the load was sufficient 
to give full continuous conduction. , 



Figure 6. Current Pulses with Unstable Operation 
Transient Response . 

Comparison of the transient speed response times for 
step changes in firing angle given in Table II for the motor 
and analogue indioato that the analogue has the sane general 
dynamic characteristic as the actual motor. However, it is 

obvious that any simulated conditions involving operation 
in or through regions where the steady -3tate characteristics 
of the two differ will not yield reliable results. 
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(b) Stable but offset (o) Unstable 
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Ellmlnatlon of Current Cutoff Transient . 

From the previous discussion, it is apparent that the 
major difficulty in the operation of the analogue circuit 
was the current pulse cutoff transient during discontinuous 
conduction. From on analysis of the oircuit it is evident 
that when the current decreases to zero and conduction through 
the reotifier ceases almost instantaneously , the energy stored 
in the inductance unit is released as a voltage impulse. 

Since the non-conducting rectifier acta as an open switch, 
current will flow in the circuit as seen by the inductanoe 
only if some path for it exists around the rectifier. Such 
a path could be provided by the following factors: 

a) stray wiring capacitance in the circuit, 

b) interelectrode capacitance in the thyratrons, 

. c) capacitance between the anode transformer secondary 
windings and ground. 

Since all auxilliary equipment such as the phase shift 
transformer and the thyratron heater transformers were con- 
nected to the grounded cathode any capacitance to ground of 
these units would not be effective. 

Removing tv/o of tho three thyratrons from the circuit to 
reduce the effective interelectrode capacitance produced no 
observable uffect on the transient. Mercury vapor type tubes 
(FG-17) were also substituted with no improvement, hy break- 
ing the connection betv/een cathode and ground, however, 
the amplitude of the transient was reduced appreciably, 
indicating that the major effects were caused by oapaoitance 
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to ground of some point between the inductance and the plates 
of the thyratrons around the lower portion of the circuit as 
shown in Figure 1. Since the anode transformer cases were 
not grounded, the most probable cause of the trouble was the 
interwinding capacitance of these transformers; inasmuch as 
the primaries provided a path to ground through the power 

system. The actual capacitance in the transformers was prob- 

/ 

ably of the sane order of magnitude as that in the trans- 
formers used with the ignitron rectifier; but because of the 
scaled down parameters of the analogue circuit, its effect 
was magnified a thousand times. 

Smaller heater type transformers v/ere tried in place 
of the large anode transformers, but no appreciable diff- 
erence wa3 notod. These and the large transformers were 
connected in zig-zag instead of delta-wye, also causing no 
improvement. 

It was found that with a 50*000 ohm resistor in the 
ground connection the transient was damped out in the mini- 
mum tine, although its peak amplitude was somewhat greater 
than with the ground circuit open. This arrangement was 
used for all the tests. 

After the analogue circuit was disassembled, it was 
found that on the actual ignitron rectifier a 2000 ohm resistor 
war, permanently installed directly across the line connected 
to the d-o output. A corresponding resistor was not tried in 
the analogue circuit, but it is probable that it would have 
about the same effect as the resistor in the ground connection. 
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Deterninat ion of the Equivalent Armature Resistance . 

One of the problems involved in setting up the analogue 
oircuit is the deter;~ination of the equivalent armature 
resistance of the motor. The resistance unit used in the 
analogue circuit had the same d-c and a-c resistance up to 
1000 cps. However, the measured 60 cyole a-c resistance of 
the ootual motor was more than twice the measured d-c 
resistance. The 60 cycle a-c resistance of the motor was 
used in determining the equivalent for the analogue circuit; 
and although no justification for this can be found, the 
correspondence of the actual performance curves with the 
theoretical and analogue curves indicates that this gives 
better results than if the d-c resistance had been used. 
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Tho evaluation of the analogue circuit may be broken 
down into two aspects according to the U3© for which it is 
intended; first for obtaining the steady-state speed (coun- 
ter-emf) versus armature current characteristics, and second, 
for transient investigations involving the use of feedback. 
3teady-State . 

Even though the basic steady-state phenomena of the 
system are properly represented in the analogue circuit, 
the performance curves are not accurate in the boundary 
region between discontinuous and continuous conduction as 
explained in the previous section. Since these inaccuracies 
cover a considerable portion of tho overall curves, and since 
it does not appear possible to completely eliminate the 
current oscillations which cause them, the analogue oircuit 
is not considered practicable for obtaining complete accurate 
steady-state performance data. 

Transient . 

The analogue oircuit may be useful, however, for 
transient investigations not requiring precise correspond- 
ence in the regions where the characteristics are inaccurate 
or the operation unstable. The important area for transient 
investigation using feedback appears to be the problem of 
improving the slowdown characteristics. Another field for 
investigation is the stabilization of speed with change in 
load. It is considered practicable to use the analogue 



- > • - 






j $£ 



v * I. a..^ra^|. mLT «!<: n ?j,J . % ,c 

, ‘ Jl "' r ”' ' J 1 w “ '• -'C.c s*»«v - n *r,l not 

• • -• •- • *, v ; ! r •. » i*i ^ lr . „ aJ 

<X * wt ' • . . .. (. 

10 * ‘ • * ' hm: .r.ij- ».»»•*„ r nol 

:• -y ■ - , Jr 

mu *J*. IJ}| ; ftrt.T wt , r . . 

t At*Mk* *o+i.Ut<, u* a 1 Lm»mmrnim vii. v ^ n » 

««#aou«v 4/rJ 41 »#«vi<u»r ^aii >ir>tic •om^rsoinwo »&* 

• • OailHUMa *i« 0*£9*C« !• • «I«nlJ***jUft tfNItd 
»»t4*i»«*Kl ***** -.,1, «a#hi M # aJ Imj.ici 

^ "*• t,f -• *" • •• * •-'• . r ) ^v,o 

* y * *“ “'* *'*' • •'• v,, ...... . . , f . |ft j et . 

*• * -*•*• 'i>vr,ai0H O jfl^ 0 

•*#***- aMMltai ara*Mno 0 jo« 

--« -•“' •-.»• *iL.n-y t<N>« 

’■ .-•*••'> >•>•»*• “■ ■••. J;..-.i B.,0 . . ...,- 

'4 tiiw< „ ,i w . !».. .,.*tj , Mj „.„ 

*•' •'•'“-l «- >♦••«•« <*» •••« - ••;• • .... , a „ 

•Mli«.*r «l Ml MU .«ir**aa» «|M M «* « 

‘ , ' 1< *** a . . o# >mi<i nuwa't mu ri-iahi i 

•>.•1 !<>Q . ■•■'IHIm t> .*♦ w in p,ol»oi» i , lt . v .. t ,j 

1 *' *• * •' ■■>**■ -!*•»• -f -i nol 

W ,v: ... ... v , .is,., „ .... jj eooi I 



- 25 - 



circuit for investigations along either of these lines. 
However, any feedback work involving stability will be 
complicated by the inherent instability of the analogue 
circuit in certain regions. 
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AMALYTICAL PREDICTION 0" TRANS IEJ1T RESPONSE 



An analysis of the equivalent circuit of the d-c machine 
and its load together with performance curves for the ignitron- 
raotor combination leads to a relatively simple means of pre- 
dicting the transient response of the system for changes in 
firing angle or load without resorting to actual experiment. 
Equivalent Circuit . 

As previously discussed, a separately exoited d-c 
machine and it3 load may be represented by the equivalent 
circuit of Figure 7 . 
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For a linear analysis i, , and R_ are constant if the 

Lx m 

machine is running, simulating a load 'with a component of 
constant torque and a component that is directly propor- 
tional to speed. Using mks units r ^2 : K. 
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Steady-State Analysis . 

The steady-state speed-torque curves for such a motor 
with various values of terminal voltage are es shown in 
Figure 8, and are derived from the relationship 

E b = T t - U R a (H) 




Separately Excited D-C Motor. 
The slope of these lines is 
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If a particular load characteristic is plotted on the 
same coordinates, it is a straight lino as shown in Figure 9 
with the horizontal axis intercept of Itj_ or and slopes 
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The steady-state operating conditions for e particular 
load and terminal voltage are given by the intersection of 
the load and motor speed-torque curves. 

This same reasoning may be applied to the ignitron- 
motor combination to determine the steady-state operating 
conditions. In this case, however, the motor speed-torque 
curves are not straight lines but are similar to Figure 2, 
and are plotted for firing angle as a parameter rather than 
applied terminal voltage. 

Transient Analysis . 

The transient of primary interest is the behavior of 
motor speed for a change in firing angle. The transient 
analysis is most easily performed by considering the elec- 
trical equivalent circuit of Figure 7 rather than the mech- 
anical system. The electro-mechanical conversion factor, K, 
is a constant if armature reaction is neglected or assumed 
oonctant, permitting a conversion at any stage of the analysis 
from electrical to mechanical parameters. 

Tho armature inductance will be neglected since, for 
most integral horsepower motors used in power applications, 
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its effect is negligible in comparison with the effect of 




through the ignttron rectifier, there is no current flowing 
in the armature circuit during a portion of each cycle and 
no net energy is stored in the inductance from cycle to 
cycle; consequently the speed transient is not affected by 
the inductance under these circumstances . With continuous 
conduction, the inductance may be effective; but, U3 will 
be brought out subsequently, the transient performance of 
the motor under these conditions is not affected by the 
rectifier and presents no new problems. 

With the armature inductance omitted, the circuit of 
Figure 7 may be converted into an equivalent os shown in 
Figure 10. 




Figure 10. Equivalent Circuit for D-C Motor 
and Load. 



The Kirchhoff equations for this oirouit are 
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For a step change in either v* or 

t 

«b " Bbi ♦ (Kbf ~ Bbi) U -£ V<J > (23) 

where Ebi = initial Eb corresponding to initial speed 

E bf z final Eb corresponding to final steady- 

state speed 

To apply this result to the ignitron-motor combination 
it is necessary to determine the values of Ra, Urn, and 

Ebf to be used. Those will be arrived at by investigating 
the actual behavior of the circuit or motor during the 
transient . 

Considering first the performance of the d-o motor with 
speed-torque characteristics as in Figure 8 for a step 
change in terminal voltage, the sequence of events is as 
shown in Figure 11 as follows. 




The initial conditions for the given load and terminal 
voltage ore given by the steady-3tate operating point at 
a with eb * Ebl an d i a = ij t . 
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At t - 0 the terminal voltage io changed to Vt2> and 
at t = 0+ the operating point has moved horizontally to point 
b, since the charge on the condenser and hence cannot 
change instantaneously. For t>0 the charging current to 
the condenser (i Q = i a - i-^) is given by the horizontal 
distance between the motor curve and load ourve; and as 
the condenser charges, e b increases so that the motor opera- 
ting points move along the line £-£ until the final steady- 
state condition is reached at point £. 

Similarly, if the initial conditions are taken at point 
£, and the terminal voltage is reduced from V-^2 bo V^i, the 
operating point moves to point d at t = 0 +. In this oase 
for t>0, i c is negative since i a is less then i^, and the 
charge on the condenser is reduced, decreasing along the 
curve d-£ until the final steady condition at point a is 
reached . 

This reasoning may be clearer if applied to the mech- 
anical operation of the motor. If a step change Is made in 
the terminal voltage, the speed and hence the back-emf can- 
not change instantaneously because of the load (or rotor) 

inertia. The armature current increases almost instantan- 

V*n _ Shi 

eously, however, to ~ and produoe3 an air gap torque 

A a 

T b „ which provides the load torque, Tt , and an accelerating 
torque, T & . As the rotor accelerates, the speed and back-eiaf 
increase and i a end Tag decrease until the new steady 3tate 
condition is reached. The detailed analysis of the electrical 
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equivalent may be applied to the .mechanical case by taking 
T m s Ki a , T_l * Ki c and the 3peed equal to e b /K. 

For the non-linear performance curves of the ignitron- 
xnotor combination a similar analysis may be carried out for 
a change in firing angle as shown in Figure 12. 




For a step change in firing angle frone*-^ to <*2 the 
output shifts from point n to point b at t = 0+ and for 
t>0 moves along the «2 curve from b_ to £ until the final 
steady-stnte condition at £ is reached. Similarly for a 
change from •*? to e*}, the output moves from point £ to 
point d at t = 0+ and then moves along the curve until 
the steady-state condition at a is reached. 

To determine the appropriate values of E^, Ebf» R a 
and R n for the ignltron-motor system necessary for obtain- 
ing the analvtical expression for tho transient performance 
of e»j given by equation (23), it is only necessary to com- 
pare the linear d-c motor and non-linear ignitron motor 
curves of Figures 11 and 12. In Figure 11, R a is the nega_ 
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tive slope of the Y^q and Vt2 curves alone v<hich the motor 
output moves during the transient, Vy analogy, u a in 
Figure 12 is the negative slope of the curves £-1) and d-a 
and is different for the conditions of increasing and decreas- 
ing speod. In both cases, however, P. m is the slope of the 
load characteristic and and E^p ere the values of at 
t • 0+ (point £ or d) and t * co (point £ or a ) , 



nummary . 

The speed transients for tho ignitron-motor system for 
a 3top change in firing angle can thus bo predicted by use 
of the electrical performance curves for the combination. 
The procedure is summarized as follows: 

a) Plot on the ignitr on-mo tor curves the electrical 
equivalent of the load speed-torquo curve. This 
curve need not be a straight lino. 

b) "or the initial and final firing angle and , 
read off and Epf* 

o) Determine R a from the average slope of the * % 

curve between the points where * E^q and z 
/ & 3 b ) 

' 8 "HI 1 - 

d) Determine from the average slope of the load 
curve between the points where e& = £- d i and e 0 » Kbf* 
(Hm = ^). 

e) Knowing the electrical equivalent of the inertia 



- J 



, find the time constant for this condition. 
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f) The transient for E b is then given by 

-t/r 

Kw = e b = 2 bi ♦ ( 2 bf - Ebi) (1-4 ) (25) 

The speed transient for a step change in load can be 
predicted using the above procedure modified in the follow- 
ing respects: 

a) Initial end final load speed-torque curves are 
plotted. 

b) and are found from the two load ourve 3 
and the given firing angle curve. 

c) R m i 3 determined from the slope of the final 
load curve. 

Special Conditions . 

For certain situations using the above procedures, the 
slope along either curve may ohange radically during the 
course of the transient as illustrated in Figure 13 . In 
these instances the speed transient may be broken dov#n into 
two or more successive portions, each portion characterized 
by a time constant (equation ( 24 )) obtained from the slopes 
of straight line approximations to the motor and load curves, 
and with E b j» determined from the intersection of the two 
assumed straight lines starting at E b ^ on the two curves. 
V7hen e b reaches a value where the curve slopes change appre- 
ciably for the succeeding portion of the transient, new 
straight line approximations are made for determining a new 
time constant and E bf as before, but for this portion E bi is 
taken a 3 the value of e b at whioh the first portion of the 
transient was terminated. 
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Figure 13. Transients With Change of Slope 



The speed transient for either condition of Figure 13 
and a step change in firing angle from «, to c< 2 is given by 

®b = s b ll * (S b fi - E bil> n- t ' t/ *i) (25a) 

for 0 <t < t x 




R Q -^Kflii 

k a i+R m i 



e b = E bi2 ♦ ^ s bf2 " E bi2^ ^ 
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( 24 a) 

(25b) 



for t> t^ 
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Ra2^2 

H «2* R m2 



( 24 b) 



where t^ is the value of t for which e^ of equation (25a) 



equals l'bi 2 ‘ 

This same line of reasoning nay be applied in finding 
the transient speed response to any arbitrary input by a 
step by step method or even to a sinusoidal input if the 
operating output is plotted point by point on the perform- 
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anco curves and the proper values are used for the time 
constant and forcing function. In general, however, the 
three-phase ignitron-motor performance for large disturb- 
ances is very non-linear, and no simple transfer function 
relating dynamic output to input can be derived for it. 
Current Transients . 

If an analysis for the average armaturo current tran- 
sient is carried out similar to the above presentation, 
it will be found that the equation is similar in form to 
equation ( 25 ) and is characterized by the same time constant, 
equation (24). The current transient is given by 

i B = lai ♦ Uaf - Iai) U - *• (26) 

for 

t > 0 

where I a ^ = i 0 at t = 0+ 

All subscripts have tho same meaning as in equations 
(24) and (25) as indicated on Figure 12 for the voltage 
transient, and tho value of *£ is determined in the same 



manner 
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iQHPARISQN OF EXPEHraKlTAL Alii) PREDICTED SPEED TRA S IE UTS 



The analytical method for predicting speed transients 

described in the previous section was used to obtain the 

theoretical response ourves of Figures 1 A to 18 for the motor 

4 ) 

and operating conditions used in holler's investigation. 

These are compared with the experimental response curves 

which he obtained from oscillograph data, and show very 

close agreement in nearly all instances. 

The speed-torque (counter-emf versus armature current) 

curves used were those of Figure 2 obtained for the ignitron- 

motor combination as described on page 49. The actual opera- 

4) 

ting conditions and the values of R a derived from the per- 
formance curves together with the calculated time constant 
used for determining the theoretical transient response for 
the various runs are shown in Table III. The method of 
plotting the response in two parts with different time con- 
stants was used only for runs P-1 and J-2. Additional accur- 
acy could bo obtained by dividing some of the other transients 
up in the same manner, but the results as they stand are 
considered sufficiently accurate for engineering work. 

This method of predicting transients is considered to 
be more satisfactory than either the full scale testa or 
tests with an analogue circuit. Furthermore, it points up 
the limitations of the ignitron-motor combination in terms 
of the physical parameters of the system. The major difficulty 
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in using this method is the problem of obtaining the basic 
oounter-emf versus armature current performance curves. 
These curves may be obtained analytically, however, without 
actual tests on the system as will be described in the 
following section. 
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FIG 17 
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TABLE III 

OPERATIC CONDITIONS AND CIRCUIT PAR -JETERS FOR 
OBSERVED AND PREDICTED SPEED TRANSIENTS FIGURES 14 to 18 



Values given based on full scale motor. 





Speed in 


rpm 


Firing 


Angle 


Pm 


i3 


K a 


T 


Run 


Initial 


Final 


Initial 


Final 


in ohms. 


a:np3 • 


ohms . 




J-l 


902 


320 


96 


135 


Ill 


2.0 


52.0 


6.7 


J-2 


460 


742 


127 


109 


111 


2.0 


1 H 


HI 


K-l 


205 


430 


137 


121 


26.9 


2.8 


7.3 


1.10 


K-2 


728 


465 


97 


120 


26.9 


2.8 


12.4 


1.62 


L-l 


490 


210 


106 


132 


9.6 


2.8 


18.2 


1.20 


L-2 


365 


590 


118 


97 


9.6 


2.8 


3.1 


0.45 


N-l 


408 


825 


104 


62 


5.2 


2.8 


0.57 


0.10 


N-2 


830 


388 


60 


108 


5.2 


2.8 


6.7 


0.56 


P-1 


715 


885 


70 


52 


4.0 


3.9 


0.57 


0.96 


P-3 


880 


680 


52 


74 


4.0 


3.9 


2.8 

0.48 


0.31 

0.096 


Q-l 


535 


750 


85 


65 


3.2 


5.3 


0.48 


0.092 


Q-2 


8 75 


778 


51 


63 


3.2 


5.3 


0.48 


0.092 



Values for speeds, firing angles, R m and i^ 
taken from reference 4. 
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ANALYTICAL DETE AUINATI ON OF SIEED-TORCUE CURVES 



In order to predict the speed transients for the ignitron- 
motor system by the methods previously described, it is necess- 
ary to obtain the speed-torque or count er-emf versus armature 
current curves of the motor for various ignitron firing angles. 
These may be obtained experimentally from the actual motor 
supplied by the ignitron rectifier from readings of direct 
current and voltage at the motor terminals correoted for the 
voltage drop through the armature resistance, or they may be 
obtained directly from an analogue circuit as described on 
pages 10 and 17. 

An alternative method is available, however, for obtain- 
ing these curves directly from the machine constants of the 
d-o motor and the ignitron rectifier characteristics. For 
power applications in which a multi-phase rectifier is used, 
there will be two distinct regions to the performance curves, 
one for discontinuous conduction and the other for continuous 
conduction. 

The phenomenon of discontinuous conduction where no 
current flows during portions of each cycle has been discussed 
in detail by Vedder and Puohlowski^ in connection with 
single-phase full-wave rectifiers. The continuous conduction 
condition where ono of the rectifier tubes fires at the instant 
the tube in the preceding phase outs off, and where the 
instantaneous current to the motor does not go to zero during 
any portion of the cycle has not been considered in such 
detail. 
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Continuous Conduction . 

for continuous conduction in the steady state and an 
arbitrary firing angle, the voltage applied to the motor 
terminals has the form shown in Figure 19* This may be 
compared with the oscillograms of Figure 4 . 




Figure .19 . Motor Terminal Voltage for Continuous 

Conduction. 

For a rectifier of p symmetrical phases, each tube is con- 
ducting over an interval of and hence the applied 

voltage over one interval is given by 

v t = " V r 

for «*< t<* + 

P 

where = peak value of applied voltage to rectifier. 
ui = 27TX line frequenoy. 

V r s rectifier tube voltage drop. 

Since the phases are symmetrical, the applied voltage 
over each interval is the sane and the average value of v t 
over one interval is the direct voltage component applied to 
the motor. This may be found from 
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r o< + 

v t - I P (-m Sinwt -V r ) dn^t) 

' n J*c 

~ 2ff Sjajoos^ -cos (* ♦ |£jj- V r 

= §7T s m [ (cos*- - cos <* COB * sin* sin ~)J - V r 

•n 

r _ 

* p 2jr (cos* (23in 2 -£-) <*■ sin*{2sin IL. cos JLn.y 
' L p p P J c 

-- pfr^rp >sw - v r ( 27 ) 

i'or continuous conduction, therefore, V b with a Given 
rectifier is a function only of the firing angle; and if tlie 
motor is assumed to have linear electrical characteristics, 
the counter-emf versus armature current relationship for eaoh 
firing angle is given by the ordinary d-c motor equation. 

E b = V t - I a R a - V b (28) 

where R a = armature resistance of the motor 
V b - motor brush drop 

The continuous conduction portion of the curves are thus a 
series of straight lines and can be plotted knowing only the 
effective armature resistance and the brush drop. 

Discontinuous Conduction - Exact Method . 

The shape of the curves where conduction is discontinuous 
may be determined accurately if required from the relation- 
ships derived by Vedder and i uchlowski^ ^ ; Harris'* ^ and Holler^. 

5. Harris, L. D. , ’’Servomechanism Characteristics of D-C 
Ifotor Driven by Controlled Rectifiers”, a ICE Technical 
Paper 51-297 . July 1951. 
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E b = £ m cos 9 a (sin (oc » 9 a » r) aln(« » QaL v^.v (29) 



1 - 



^r7r 




where 0 



r 



— _/{ 003 * - cog (*♦ r) - -- - , r)l 
r £ *n J 

a = ~ tan ? Q 
<</ 

a = 

r = angle during which conduction take?. place 



(r< 



2 /r 



p 



(30) 



3y taking values of <x and r, 2 b I a **7 found to 
determine the desired points on the discontinuous portions 
of the performance curves, ^or the boundary condition between 
continuous and discontinuous conduction at a particular firing 
cngle, r = so that equation (30) reduces to the combina- 

tion of equations (27) and (28), and equation (29) becomes 

2 ir 2jr 

E b . el, COO n. (slfa i«* * 6 * sln 9&) -v r -v b 

£ p ^5 (31) 

Discontinuous Conduction - Approximate Lethod . 

Using equations (29) and (30) involves considerable 
tedious calculation. However, it was found possible to apprdx- 
inate the discontinuous conduction performance curves for the 
system studied by asnuning them to be simple parabolas of the 
form 
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The constant k* is different for each firing angle and 
was determined by the fact that the discontinuous and contin- 
uous conduction curves for a given firing angle intersect at 
the point evaluated from equation (31)» 

The curves plotted on Figure 2 for firing angles up to 
110° were obtained by this method and indicate very close agree- 
ment with the experimentally determined points shown. Since 
there can be no continuous conduction for firing angles of 
120° or more with a three phase rectifier, the constant k* 
can not be evaluated under these conditions. Accordingly, 
the experimental points were used in drawing the curves for 
130° and 150° on Figure 2. However, since k’ appears to 

change slowly at l*rge angles, these could have been obtained 

» 

with some sacrifice in aocuracy by assuming k to have the 
same value as at 110°. This would probably be sufficiently 
aocurate for most use, since this area of the curves is of 
little practical interest. 

While it is obvious that this is a purely empirical 
method of obtaining the discontinuous conduction character- 
istics, it involves relatively simple calculations and is 
considered to be practicable for three-phase rectifiers used 
with motors having the same general characteristics as the 
unit used for this investigation. The end points for the 
curves are theoretically correct; but the actual shape of 
the intervening portion as given by equations (29) and (30) 
is a function primarily of the reactance to resistance ratio 



-v; - 



Dio . ... :,j . «... »: l. ■; ... , ut0 

, r j,. , . „ ,, ^ 

3 » ; 1 * . •..! lil .•••>.£', ... n„.. 

or ,r iTiix wv 6b ^ f , ^ „ 

: r •*-' * : — . «• '.>11 „■ ic V.i 

***** mw - b+ato*m*w6 ri Imummirtt* £» 

>. i^|** 1 r I f •*>• «- J.- ;#.<•!. . c «. fL , 

' ■* " ’ •" - . »/ . 41 , . , lK V . C. |(il 

,«4iOlQfi« . «at» t#i Anrtv, *.4»; <s»A*u. 

‘ C 1 ** V ' 1 ' ' r 71 n J* , ;. . ■ j ,. . r* | 

C’ *1-^ # '* ... . , . r«t' u «, w W r tl o r(J 

u "’ ; c-,. ...... ,* 

•* ' ’ ** i^-uco# 4,4 .. ,r,i. 0 .. 

* w ‘ , OIL r, . r , 

10 #i ** * * 4 # .*rii ,«* r. ;- ^ 

'***"' r > ‘ f *• I .V «•• i 

'< >1 *!r!t ji.»t •*i**Jt< *A .'1 *ii*r 

' -* Jo * 1 ' ' '•'<*« *»oml«ne*a «m (*»„>„«, v m«m 

* J . -V -l/.J- ,>• . 

£, *“‘ i ».«!*»♦•> 7 <* w ‘‘^ , , o 

, 

’ - 1 "•’*'*• • «•• •■" •»• ... . .IX. 

w *•*• '•••> lU~U*u,mu r .» Uhl 

(cc i f | V vt 1 •« ', • I 

•* ' 1 '• <• * *Snt « j. 

.C.,4. i >*t .(f u k . #a . . e w . .. - ,» . 

A W * aC}*' \fmZl m fi 



-50- 

of the motor a mature circuit. The approximation presented 
here has been shown to be valid for one particular ratio and 
may not be entirely applicable to motors with different 
characteristics . 

Effective Armature Resistance . 

Determining the effective value of the armature resist- 
ance to be? used in obtaining theoretical performance curves 
by any of the above methods is one of the major practical 
problems. As previously noted, the 60 cycle e-o resistance 
was used throughout this investigation; and although the 
Justification for it is questionable, the theoretical and 
experimental results obtained, show close agreement. 
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Analogue Circuit . 

The analogue was originally proposed as a means of 
obtaining the steady state counter-emf vex*sus armature 
ourrcnt curves and for testing feedback arrangements to 
improve the transient speed response. 

The results of the tests with the analogue circuit 
indicate that it represents the dynamic and steady-state 
behavior of the ignitron motor control system for all 
conditions except those involving operation in or near the 
boundary region between continuous and discontinuous con- 
duction. However, since the operation of the circuit is 
actually unstable under these oonaitions, ana since this 
region extends over a considerable portion of the charac- 
teristics, the usefulness of the analogue i3 limited. 

It is not considered suitable for determining accurate 
steady-state characteristics, since the areas where the 
analogue does not give consistent results are the only 
ones of interest which cannot be easily obtained analytic- 
ally. 

.Similarly, it is not considered practical for general 
use in feedback analysis because of its innerent instability 
over an appreciable portion of its operating range. However, 
it could be used for certain types of feedback investiga- 
tions where stability is not involved. 
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7or the overall transie;vt analysis problem, the method 
of predicting the response from a time constant derived 
fror.i the steady-state characteristics of the system is con- 
sidered easier and more practical for engineering investi- 
gations than either the use of an analogue circuit or the 
step by step analytical methods developed by Heller^ . 3y 
using the approximate method for obtaining the steady-state 
characteristics for the system, thin method reduces to a 
relatively simple analysis which nevertheless yields results 
of sufficient accuracy for nearly all purposes. 
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RECOI^NDATIONS 



In spite of its limitations, the use of the analogue 

circuit is recommended for investigations leading toward 

3 ) 

the use of dynamic braking to reduce the excessive slow- 
down times now required for an ignitron-fed motor. 

If the analogue circuit is set u., for this purpose, 
it is recommended that a high resistance be placed across 
the rectifier output with a view toward reducing the effects 
of the undesirable current cut-off transient encountered in 
this investigation. 

Tor a determination of the servomechanisms character- 
istics of the lgnitron control system, it is recommended 
that the work of Karris'' bo extended, using the concepts 
developed in this paper for the prediction of transient 
response, to include the condition encountered with three- 
phase rectifier whore the speed-up and slow-down behavior 
are in general appreciably different. 

In any theoretical or analogue circuit work with a 
rectifier-controlled d-c motor, the assumed value of the 
effective resistance of the armature of the motor to the 
average or direct component of the armature current has 
considerable influence on the results obtained. Since the 
d-c end a-c resistance of most motors differ so widely, it 
is recommended that a theoretical and experimental study be 
made to determine the effective value of armature resistance 
under these conditions and if necessary a practical means 
of obtaining it for a given machine. 
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APPENDIX A 



Nameplate data of motor and ignitron rectifier repre- 
sented by the analogue circuit. 

POT OR 

M.I.T. No. 250 



Westinghouse 

Type Sk, Frame 93 
15 horsepower 
56 amperes 

40°0 Rise, continuous duty 

GENERATOR 
M.I.T. No. 251 
V/estinghouse 

Type Sk, No. 90 
18 horsepower 
67 amperes 
780-1500 rpm 

RNCTIFIKR 

M.I.T. No. 147 
Wf stinghouse 
Ignitron Rectifier 
Input 

18.75 kw 230 volt 60 oyole 

Output 



Style 3C II 68256 
Serial 5SSC 1168256 
230 volts D. C. 

850 rpm 



Style 153133 B 
Serial no. 1556940 
230 volts D. C. 



3 phase 



230 volt 



75 amperes D.C. 



Serial 111778 
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Thesis Bryant 

B829 Investigation of tran- 
sients in an analogue cir- 
cuit for an ignitron motor 
control system. 
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